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Abstract 
In this paper, the authors present their concept of public transportation on demand based on autonomous vehicles. They develop 
several passengers’ transportation solutions based on driverless vehicles and compare them with traditional forms of passenger 
transportation (tram, bus, taxi and individual car). The authors carry out a multiple criteria evaluation of all eight considered 
variants. They formulate the decision problem as a multiple criteria ranking problem. Thus, a consistent family of evaluation 
criteria is constructed. It includes the following measures: travel time, travel costs, comfort of travel, reliability, timeliness, 
availability, environmental friendliness, safety. Based on the analysis of stakeholders’ interests the model of preferences is 
defined. It is composed of two major elements: importance of criteria and sensitivity of the decision maker (DM) towards 
changes of the criteria values. A series of computational experiments is performed. In the computational phase a multiple criteria 
ranking method – Electre III/IV is applied to generate the final ranking of all considered variants – transportation solutions. The 
position of variants based on autonomous vehicles is thoroughly discussed. 
© 2015 The Authors. Published by Elsevier B. V. 
Selection and peer-review under responsibility of Delft University of Technology. 
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1. Introduction 
The continuous development of metropolitan areas and the constant extension of urban territories, often called 
“urban sprawl” (Vuchic, 2007), increases the demand for overcoming the critical problem of covering long distances 
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by passengers while minimizing their travel time and costs. The provision of efficient passenger’s transfer strongly 
depends on the performance of transportation services in the city and suburban areas. Many efforts have been made 
to enhance urban transportation operations and facilitate the movement of people. At the same time one of the 
critical problems in the urban areas is the growing number of vehicles and inadequate capacity of the roads, which 
result in traffic congestion and extended travel time for passengers (Rudnicki et al. 2007; Vuchic, 2007). Another 
issue is the availability of higher comfort/standard of travel for passengers that would be willing to accept 
significantly higher costs of travel. In addition, most of the means of transport used in the urban areas have a 
negative impact on the environment -  they emit a significant amount of harmful chemicals and fumes into the 
atmosphere (Wesołowski, 2003). As a consequence of the above mentioned urban transportation problems emerges 
the need to search for and implement new transportation solutions which could reduce (eliminate) these negative 
effects. One of the promising and useful concepts and ideas is the implementation of electric, autonomous vehicles 
(AV) in the urban environment. 
Autonomous cars are unmanned (driverless) vehicles that move without human intervention and use for this 
purpose a number of high-tech sub-systems and devices. These modern, advanced, computer based tools the AVs are 
equipped with, provide quick analysis of the situation on the road and generate reliable decisions concerning the 
vehicles’ manoeuvers such as: lane changing, safely crossing the intersection, overtaking other vehicles, pulling over 
and riding along the planned path. The results of several research and road tests concerning AVs have been reported, 
including the analysis of their suitability for operating in urban passenger transportation systems (Anderson et al. 
2014; Basulto, 2013;  Lavrinc, 2013). 
According to many researchers, there are several benefits associated with the application of AVs in urban 
transportation systems (Basulto, 2013; Jakubiec, 2014; Szymczak, 2013; Yeomas, 2014). The largest advantages of 
unmanned vehicles are as follows: improvement of road safety, elimination of restrictions related to age and 
disability of passengers, possible increase of the road space (if the utilization of AVs is reasonable), reduction of the 
required parking space in the city central sectors and environmental friendliness of the cars (assuming they are 100% 
electric vehicles), associated with reduced emission of harmful compounds into the atmosphere. Critics of AVs 
highlight their flaws and imperfections. The most frequently mentioned disadvantages of driverless cars are 
(Basulto, 2013; Yeomas, 2014): lack of legal regulations concerning unmanned vehicles, possible increased 
congestion resulting from the reduced road space, high risk of failure, high cost of investment, including the vehicles 
themselves and the reconstruction of the infrastructure. 
Despite these concerns, in the authors’ opinion AVs may represent a real competition for the existing forms of 
transportation. They may also substantially contribute to the concept of door-to-door service in the urban 
environment. As presented above, the authors claim that the advantages of AVs exceed their disadvantages. 
2. Theoretical background of research 
2.1. Major characteristics of autonomous vehicles 
Nowadays AVs are equipped with complex and advanced IT and communication systems. It makes the vehicle 
multidimensional orientation and its independent movement possible (Anderson et al. 2014; Likhachev et al. 2014). 
Usually, an on-board system of the AVs comprises a digital map presenting the network of the roads and streets 
coupled with the GPS system, a set of sensors located in various parts of the vehicle and the central unit. The basic 
element of the system is a customized digital map with additional information about the network characteristics, 
such as: the width of the lanes, the speed limits on certain segments of particularly roads, the location of traffic 
lights and road signs, the heights of the curbs. This information combined with the GPS system enables the on-board 
computer system to analyze the current position of the vehicle on the road and to demonstrate its movements 
(Likhachev et al. 2014; Naranjo et al. 2008; Trzeciak, 2012). The sensors constantly analyze the situation around the 
vehicle, provide information concerning road condition, detect obstacles on the road and recognize other road 
warnings and threats. One of the most commonly used sensors AVs rely on is the detector based on LIDAR (Light 
Detection and Ranging) technology. The LIDAR device, mostly placed on the roof of the vehicle, allows for the 
transmission of data about the environment and situation on the road. In addition to the above mentioned set of 
devices there are plenty of other sensors that can be possibly included in unmanned cars. Some of them are located 
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on the wheel hubs and trace their rotation, others are disposed in the interior of the vehicle and act as gyroscopes, 
some sensors are assembled in front of the vehicle and play the role of traffic detectors (Likhachev et al. 2014; 
Naranjo et al. 2008; Thrun, 2006; Trzeciak, 2012). 
An important function of AVs is communication between themselves (V2V - Vehicle-to-Vehicle interaction) and 
with the infrastructure (V2I - Vehicle-to-Infrastructure interaction). Both ways of communication are possible 
thanks to the installation of communication sensors and antenna transceiver in AVs and in the road infrastructure 
(Basulto, 2013; Yeomas, 2014). These solutions ensure that vehicles can communicate with each other, send 
warnings about the existing dangers, inform each other about the traffic congestion on the roads and streets or call a 
ride in the areas where service is requested. They allow for optimizing the movement of AVs, resulting in reduction 
of travel times, selecting the most comfortable riding conditions and reducing waiting times in congested areas. 
2.2. The concept of passenger transportation on demand 
Public transportation is defined as a service provided by public or private agencies which is available to all 
persons who pay the prescribed fare. In urban areas, typical public transportation systems are bus, trolleybus, metro, 
regional rail and other modes operating on prescribed lines/routes on established and announced schedule (Vuchic, 
2007). The main features of public transportation are (Vuchic, 2007; Wesołowski, 2003): 
x Transfer of passengers on a massive scale with an application of high efficiency and large capacity means of 
transportation. 
x Widespread availability - guaranteed to any person that has the right to use public means of transportation. 
x Arrangement of passengers’ transportation on fixed, pre-defined routes. 
x Carrying out transportation based on a predefined time-table which results in fixed intervals/headways on 
particular routes. 
Many considered concepts of application of AVs in urban transportation system assume that unmanned cars 
operate as the type of public transportation on demand. Public transportation on demand (PTOD) is a specific type 
of public transportation, often called flexible public transportation. This name is associated with the operational 
principle of PTOD system, which consist in flexible allocation of the demand for transportation services (reported 
by passengers) to transportation supply associated with the availability of transportation capacity and the adjustable 
way of moving vehicles in the transportation network (Vuchic, 2007). The basic characteristics of PTOD are as 
follows: 
x Replacing regular fixed routes/lines by flexible vehicle routes adjusted to the reported transportation demand 
(current passengers’ needs). 
x Elimination of fixed timetables dispatching vehicles when the need for passengers’ transportation is required. 
x Using a heterogeneous fleet of vehicles, featured by different sizes/capacities (including small and medium 
vehicles). 
x Replacing regular stops by dynamically changing pick up points (reported by passengers). 
2.3. Multiple Criteria Decision Making/Aiding 
Multiple Criteria Decision Making/Aiding (MCDM/A) is a field of study focused on the development of 
mathematical procedures and advanced computer-based methods that support the DM in solving multiple criteria 
decision problems (MCDPs). MCDP is such a decision problem in which several points of view, often 
contradictory, must be taken into account and an effort must be undertaken to balance the trade-offs between these 
points of view (criteria) and search for compromise solution. A MCDP is a situation in which, having defined a set 
of actions/variants/solutions A and a consistent family of criteria F the DM tends to (Vincke, 1992): 
a) determine the best subset of actions/variants/solutions in A according to F (choice problem), 
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b) divide A into subsets representing specific classes of actions/variants/solutions, according to concrete 
classification rules (sorting problem), 
c) rank actions/variants/solutions in A from the best to the worst, according to F (ranking problem). 
Major components of each multiple criteria decision problem are: a set of variants/solutions A and a consistent 
family of criteria F (Roy, 1990a). The set A includes all candidates that are considered by the DM during the 
decision making process. It can be defined directly in the form of a complete list or indirectly in the form of certain 
rules and formulas.  Each variant/solution in A is evaluated by a consistent family of criteria F – a set of 
measures/characteristics, each of which has a clearly identified direction of preferences. The consistent family of 
criteria F should be characterized by the following features: 
x It should guarantee complete evaluation of A and ensure that all aspects of the decision problem are taken into 
account.  
x It should ensure that formulation and content of each criterion in F is coherent with the global preferences of the 
DM.  
x All criteria in F should be non-redundant. 
Multiple criteria decision problems require specific procedures, methods and decision-making/aiding tools to be 
solved. The multiple criteria decision making/aiding methods can be classified according to several criteria, 
including: the moment of the definition of the DM’s preferences and the manner of the preference aggregation. With 
respect to the first division criterion three categories of methods are identified (Vincke, 1992): 
x methods with a’priori defined preferences, 
x methods with a’posteriori defined preferences, 
x interactive methods. 
According to the second classification criterion one can distinguish (Vincke, 1992): 
x the methods of American inspiration, based on the utility function, 
x the methods of the European/French origin, based on the outranking relation. 
In this paper the authors apply Electre III/IV method, which belongs to a larger family of Electre methods (Roy, 
1990b). Electre III/IV is a multiple criteria ranking procedure, based on the outranking relation, which enables 
ordering of a finite set of variants from the best to the worst. The ranking of variants is generated as a result of their 
evaluation on a family of criteria F, and with the application of preferential information submitted by the DM. The 
computational algorithm of the Electre III/IV method consists of three stages (Roy, 1990b; Żak, 2005): 
x Definition of a set of variants A and a consistent family of criteria F combined with the construction of an 
evaluation matrix. This stage is also focused on the definition of the DM’s preference model. The preferential 
information is defined in the form of criteria weights - w and the indifference - q, preference - p and veto - v 
thresholds. The principle that q < p < v applies.  
x Determination of the outranking relation S(a,b), which indicates the extent to which ”a outranks b” overall. This 
relation is expressed by the degree of credibility d(a,b), being an equivalent of the global concordance indicator 
C(a, b) constructed in the concordance test weakened by the discordance indexes D(a,b) constructed in the 
discordance test.  
x Exploitation of the outranking relation S(a,b). Based on the computation of d(a,b) the method establishes two 
preliminary rankings (complete preorders) using a classification algorithm (distillation procedure). During this 
procedure one can obtain a descending and an ascending preorder. The final ranking is generated in the form of 
the ranking matrix or the outranking graph as an intersection of the above mentioned complete preorders. 
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3. Design of passenger public transportation solutions 
The major objective of this paper is to confront public transportation solutions based on AVs with traditional 
forms of passengers’ urban transportation. In their analysis the authors undertake the challenge to compare either 
exclusive AV-based concepts or solutions featured by the application of AVs combined with other transportation 
modes with the use of tram, bus, taxi or private car and their combinations. To satisfy this objective the authors have 
designed eight concepts – variants of moving passengers (different categories of residents) from point A to point B 
in a selected section (northern-central part) of a medium-sized metropolitan area, inhabited by roughly 1 million 
people (Poznań city). It is assumed that the considered resident of the city, acting as a DM, searches for the most 
desirable transportation solution consistent with her/his subjective preferences. The analysed segment of the city 
covers the area of approximately 30 km2, which is 10% of the municipal area. The boundaries of the segment are 
determined by: two-lane inner ring in the north, central east-west city artery on the south, two-lane city artery on the 
east and north-south tram tracks on the west. The straight distance between points A and B is equal 4,5 km. Point A 
is located in a residential area, while point B is placed in a neighbourhood of the city downtown, next to the 
historical centre of the city and the banks of the local river (Warta).  
The variants are designed heuristically with the use of the authors’ expert knowledge and simulated with the 
application of an Excel spread-sheet. In the simulation process the authors have used the publicly available data such 
as: riding times, network characteristics, timetable information, timeliness of movement, vehicles’ utilization costs, 
etc. In addition, they have also computed or estimated some characteristics/measures, such as: travel costs, level of 
vehicles’ utilization and travel times. As far as travel costs are concerned their different estimation formulas have 
been applied for AVs and private cars. The calculation of travel costs for AVs has been based on the estimation of 
operating costs for a two-person electric vehicle, its depreciation in a seven year time interval and assumed 
profitability of 20%. In case of a private/individual car the travel costs have been computed based on the application 
of the following parameters: average fuel consumption for a medium sized car with a petrol engine, average unit 
price of fuel, maintenance costs of the car. For all the variants featured by the application of AVs certain criteria and 
parameters, such as: timeliness, reliability, availability have been estimated based on the operating standards of 
taxis. The variants are either single mode or bimodal transportation solutions. The routes of variants 1 to 8 are 
presented in figure 1, including traditional forms of urban transportation (Fig. 1a) and those based on AVs (Fig. 1b). 
As a result of heuristic design the proposed variants have different features. Their lengths range between 4,8 km to 
7,5 km. In addition, the authors have computed the following measures to characterize the variants: Travel Time, 
Travel Cost, Comfort of Travel, Timeliness, Availability, Reliability, Environmental Friendliness and Safety. These 
measures constitute the evaluation criteria of the variants. Their definition and the way of computing their values is 
presented in section 4.1. 
Variant 1 (V1) – is a transportation solution based on the exclusive use of tram (line 4). This variant is 
characterized by direct connection between points A and B, without transfers during the travel. The distance of 
travel covered in V1 equals 7,5 km, and it is the longest among all considered variants, due to the circular route of 
the tramway. The length of the route directly influences on the travel time in V1 which equals 32 min and is, again 
the longest among all considered variants. V1 is one of the cheapest solutions with the cost of travel of  
3,44 zl/travel. This variant offers higher timeliness and reliability of arrivals than solutions based on (the use of) 
buses. Comfort of travel in V1 is medium due to low availability of seats resulting from the overcrowded vehicles, 
in particular, during peak hours. The comfort of travel is also reduced by the fact that the tram fleet is highly 
depreciated and in relatively poor technical condition. Usually, it is not equipped with air conditioning. 
Variant 2 (V2) - is a combination of bus (line 74) and tram (line 13). The first leg of the passenger’ travel, 
covered by bus is 3,8 km long while the second leg, covered by tram is 1 km long. The resulting total distance of 
travel in V2 equals 4,8 km. It is the shortest among all considered variants. However, the travel time in V2 is quite 
long (24 minutes), which is caused by poor coordination of the bus and tram timetables, and the resulting long 
waiting times for transfers. Variant 2 is the cheapest solution among all considered variants with the cost of travel 
equal 3,04 zl/travel. This solution is characterized by a relatively low comfort of travel. The decrease of the comfort 
of travel is generated mainly by the bus leg in V2. In the peak hours the buses are extremely overcrowded. In 
addition, they are often delayed or cancelled. 
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Variant 3 (V3) – is another transportation solution based on buses (line 69) and trams (line 16). Similarly to V2, 
it is assumed in V3 that the first leg of the passenger’s travel is covered by bus while the second one by tram. The 
first leg in this variant is 1,6 km long and the second one amounts to 4,9 km, which gives together a total distance of 
travel equal to 6,5 km. This distance of travel belongs to the longest among all considered variants, due to the 
circular route of the tramway. As a result the travel time is relatively long (30 minutes). V3 is one of the cheapest 
solutions with the cost of travel equal to 3,20 zl/travel. At the same time this variant is featured by a low comfort of 
travel. Passengers using V3 usually travel in overcrowded vehicles. Moreover the bus line used in V3 is often 
delayed, which results in frequent late arrivals at the transfer stop and substantial extension of the total travel time. 
 















Fig. 1. Routes of all variants: a) for traditional forms of urban transportation, b) for AV-based solutions 
Variant 4 (V4) – is a solution based on the use of the passenger’s private car. Choosing the shortest possible 
route passenger travels 5,3 km. Despite such a short distance, the travel time and the costs of travel are quite high. 
The travel time equals 28 minutes, including the time spent on finding a parking space. This variant is characterized 
by a high comfort of travel - high privacy, elimination of crowdedness and availability of air-conditioning and 
comfortable seats. This solution is featured by high availability at any time, high reliability and timeliness (despite 
traffic congestion). 
Variant 5 (V5) – is based on the use of taxi services. Choosing the shortest possible route passenger travels 5,3 
km. The travel time which equals 18 minutes is the shortest among all considered variants. At the same time the cost 
of travel is very high and amounts to 17 zl for the entire travel. This variant is also characterized by a high comfort, 
similar to the standard of V4. At the same time it is slightly decreased by a relatively low level of safety in the taxis 
resulting from the poor technical condition of the vehicles and the fact that drivers are very tired due to their long 
working hours. Furthermore, the vehicles used in the transportation of people are quite old and meet only the 
emission standard of Euro III. 
Variant 6 (V6) – is a transportation solution based on the use of AVs. Similarly to V5, variant V6 is 
characterized by a short distance of travel (5,3 km) and short travel time. The travel time in V6 is reasonable due to 
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the fact that a passenger does not waste time on transfers and finding the parking space. Variant 6 is quite expensive 
since the cost of one vehicle-kilometer covered by AV equals 1,4 zl. As a result, the overall cost of travel in V6 is 
7,42 zł. At the same time this variant is featured by a high comfort of travel due to high privacy, elimination of 
crowdedness and availability of air-conditioning and comfortable seats. Furthermore, the AV is eco-friendly, 
because it is run by an electric drive system. In addition, the on-board computer systems and sensors ensure the self-
control of the vehicle without human intervention, which additionally increases the comfort of travel. This variant is 
featured by high reliability, availability and timeliness of a transportation service. 
Variant 7 (V7) - is a transportation solution composed of the services of an AV combined with a tram 
connection (line 7). It is assumed in V7 that the first leg of the passenger’s travel is covered by an AV while the 
second one by tram. The first leg in this variant is 4,6 km long and the second one amounts to 1,3 km, which gives 
together a total distance of travel equal to 5,9 km. The total travel time is relatively short – 22 minutes. At the same 
time the cost of travel, similarly to V6 is quite high (7,04 zl) due to the fact that a large portion of travel passenger 
covers by AV. V7 is featured by high reliability, availability and timeliness of the transportation service. 
Variant 8 (V8) - is based on buses and AVs. It is assumed in this variant that a passenger travels by bus (line 74) 
and by AV. The total distance covered by a passenger in this variant equals 5,3 km including 3,8 km traveled by bus 
and 1,5 km traveled by AV. The travel time in this variant is relatively short – 21 minutes and its overall travel cost 
is quite low – 4,76 zł. The combination of the bus and AV results in: reduction of travel costs, increased comfort of 
travel (reduced crowdedness, enhanced privacy), increased reliability, availability and timeliness of transportation 
service. 
4. Multiple criteria evaluation of proposed solutions 
4.1. Definition of a consistent family of criteria 
The authors evaluate the presented variants (V1 to V8) by a consistent family of 8 criteria – C1, C2, … C8. The 
interests of various stakeholders, including: passengers, local residents, operator and municipal authorities are 
represented in the family of criteria. The former are expressed in their respective units while the latter are measured 
in points. 4 criteria (C1, C2, C4 and C6) are constructed as separate overall characteristics, one criterion (C7) is 
expressed in 1-5 point scale and the remaining 3 (C3, C5, C8) are built on the basis of a set of 5 sub-criteria on a 1-
10 point scale. In this case each component – sub-criterion constitutes 20% (0-2 points) of the overall assessment of 
the considered criterion. 
Criterion 1 – Travel Time (C1). This criterion is defined as a total time required to cover the entire distance 
from point A to point B, expressed in minutes [min]. The travel time includes different components depending on 
the way of moving and the category of vehicles used. For private cars it covers mainly the set-up time, the riding 
time and the time required to find a parking space. In case of taxi it is the riding time only. When the travel is carried 
out by public transportation the travel time includes: walking times from an origin to the access point and from the 
take-off point to destination, waiting times on the stops, transfer times and riding times. In all the cases the travel 
time is aggregated as a straight sum of its components. The criterion C1 is minimized. 
Criterion 2 – Travel Cost (C2). This criterion represents travel fares for different modes of transportation used 
in the considered variants and it’s measured in Polish currency [zl]. This criterion is minimized. 
Criterion 3 – Comfort of Travel (C3). The criterion C3 measures the overall condition of riding in different 
means of transportation. In its definition all components, devices and characteristics of the interior of the vehicle 
that influence on the standard of traveling are considered. The definition of C3 includes the following sub-criteria: 
the probability of standing/sitting, the quality of the seats, the passenger’s privacy, internal conditions – temperature, 
humidity and overall level of crowdedness. C3 is expressed in points and maximized. 
Criterion 4 – Timeliness (C4). Criterion C4 is defined as a ratio of the number of rides carried out “on time” to 
the total number of rides performed by a specific transportation mode. Statistical data concerning the timeliness of 
particular transportation modes have been used to formulate the criterion. C4 is expressed in percent [%] and it is 
maximized. 
Criterion 5 – Availability (C5). This criterion measures the readiness of the variants to operate and the 
availability of particular transportation modes to carry out transportation jobs. The definition of this criterion 
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includes the following sub-criteria: duration (operating hours) of the system, its continuity, reaction time from the 
passenger’s decision to make a travel, accessibility of transportation modes – distance to a stop, size of the available 
fleet. This criterion is maximized. 
Criterion 6 – Reliability (C6). Criterion C6 is defined as a ratio of the number of rides actually performed to the 
total number of rides scheduled or intended to be carried out by particular transportation modes. Statistical data 
concerning the reliability of particular transportation modes have been used to formulate the criterion. The 
construction of the criterion is equivalent to the definition of probability of an event that a transportation 
mode/vehicle will carry out a transportation job as planned/scheduled or intended. It is a maximized criterion 
expressed in percent [%]. 
Criterion 7 – Environmental Friendliness (C7). The criterion defines the impact of the transportation modes on 
the environment. It’s defined on a 1-5 point scale where 1 is the worst and 5 the best rating. The highest rating is 
awarded to means of transportation that use the electric drive system only. The vehicles with internal combustion 
engines and featured by different EURO emission standards are evaluated as follows: Euro V – 4 points, EURO IV 
– 3 points, EURO III – 2 points,  EURO II – 1 point. This criterion is maximized. 
Criterion 8 – Safety (C8). Criterion C8 is expressed on a point scale and determines the state which gives the 
passenger a sense of confidence and trust that a transportation mode will deliver him/her to a destination in a safely 
manner. The criterion includes two major components: security (situational) and road (traffic) safety of particular 
variants (transportation modes). It is represented by the following sub-criteria: ability to transport children and 
disabled persons, age and technical condition of the means of transportation, annual number of inspections, driver’s 
skills and his behavior. This criterion is maximized. 
4.2. Computational experiments 
The ranking of variants has been generated with the application of the MCDM ToolKit software, which is a 
computer implementation of the Electre III/IV method. According to the algorithm of the Electre III/IV procedure, 
the evaluation matrix has been constructed (figure 2). It presents the ratings of 8 variants (V1, V2, ... V8) on 8 
criteria (C1, C2, ... C8). 
The model of preferences has been defined, including the determination of the importance/validity – weights of 
criteria and the sensitivity of the DM towards the changes of the criteria values. As presented in section 3 the DM is 
an average passenger traveling on segment AB. Thus, the DM’s preferences have been determined through 
questionnaire-based interviews with a selected group of passengers. The sensitivity has been expressed through the 

















Fig. 3. The DM’s model of preferences 
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In addition, the direction of preferences has been defined for each criterion, through differentiating maximized or 
minimized characteristics. Importance/validity of the criteria allows to rank the criteria according to their 
importance. The importance of criteria has been determined by the assignment to each of them a weight in a 1-10 
point scale with 1 being the least important criterion, and 10 the most important one. Thresholds of indifference q, 
preferences p and veto v have been determined through the analysis of the DM’s sensitivity towards the changes of 
the criteria values. In the presented analysis (figure 3) the most important criterion is C1 – weight 10 and the least 
important criterion C7 – weight 3. 
The computational procedure has been initiated by entering all the required input data to the software. According 
to the algorithm of Electre III/IV method, the following indexes/parameters have been computed in the consecutive 
steps:  
x the concordance indicators C(a,b) for each pair of variants a and b,  
x discordance indexes Dj(a,b) for each criterion j, 
x degrees of credibility d(a,b) representing the outranking relation S(a,b).  
Based on the outranking relation S(a,b) two preliminary rankings (complete preorders) are established by the 
application of a classification algorithm (distillation procedure). This algorithm includes the descending and 
ascending distillations. Their statistical averaging allowed to obtain a median ranking, and their logical intersection 
gave the final ranking of the variants. This ranking is a graphical representation of the sequential order of variants 














Fig. 4. Final results of computational experiments 
Afterwards the sensitivity analysis of the generated results has been performed to examine the stability of the 
final ranking. In the sensitivity analysis the authors have examined how the changes of the model of preferences 
influence on the position of particular variants in the final ranking. In the computational phase focused on sensitivity 
analysis the values of the weights of criteria and thresholds have been modified. Based on the results of sensitivity 
analysis the authors have drawn the following conclusions: 
x In the vast majority of the proposed changes of the criteria weights and thresholds the positions of variants 
(V1 to V8) in the final ranking have not changed, which proves that the generated ranking is quite stable. 
x Certain changes of final results have been observed only when the weights and thresholds of two criteria: 
C1 and C2 have been modified. 
The selected results of the sensitivity analysis, that have generated changes in the final ranking are presented in 
figure 5. In the demonstrated cases the positions of variants have changed due to: 
x Increased and decreased values of all thresholds for criterion C1 (Travel Time) by 1 unit (minute). 
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Fig. 5. Selected results of the sensitivity analysis 
4.3. Analysis of results 
The generated results prove that the best solutions are variants: V6 (the exclusive use of AVs) and V8 (a 
combination of bus transportation and AVs). Variant V6 outperforms variant V8 on all criteria except C2, but often 
the differences between these variants fall within the interval of indifference. Solution V6 is the clear leader in terms 
of the total Travel Time, which is the most important criterion (weight equals to 10 points) among all considered 
criteria. Next variant of the ranking is variant V2 which represents a traditional public transportation solution – 
combination of bus (line 74) and tram (line 13). This solution is the undisputed leader in terms of the Travel Cost, 
which is 3,04 zl/travel. It is worth emphasizing that V2 is substantially cheaper (by 4 zl/travel) from V6 – the leader 
of the ranking. It is also worth noticing that the leading variants V2 and V8 use the same bus connection - bus line 
74. This line is characterized by a short distance of travel which results in low Travel Cost and short Travel Time. 
The least desirable variant is variant V5, based on the use of taxi. This option offers high comfort of travel, 
timeliness, reliability, and the shortest travel time (together with V8). However, these positive features are not 
sufficient to balance the negative impact of the very high travel cost, which is 17,12 zl/travel. Such a high price at 
such an important criterion (weight equals 8 points) disqualifies variant V5 and ranks it on the last place. 
As mentioned before results of the sensitivity analysis demonstrate that the final ranking is quite stable. Even in 
the specific case (changes of thresholds for criteria C1 and C2) resulting in small changes of the positions of 
variants, the leaders (V8, V6, V2) of the principal final ranking remain unchanged. The outcomes of the sensitivity 
analysis presented in figure 3 show that a strong candidate (variant 2) may slightly improve its position through the 
changes of the DM’s model of preferences (e.g. relaxation of the intervals of preferences). 
The presented computational experiments also show that transportation solutions based on the use of AVs occupy 
high positions in the final rankings and can successfully compete with traditional forms of urban transportation. The 
AV-based variants are characterized by: short Travel Time, good Timeliness and Reliability, acceptable Travel Cost 
and high Comfort of Travel. They are definitely better than the solutions based on the use of taxi or private car. The 
variants based on AVs exceed them in a number of criteria (e.g. Travel Cost, Travel Time or Safety). It is worth 
noticing that a multimodal transportation based on AVs and buses belongs to highly recommended variants. The 
combination of public transportation and AVs can be very rational and desirable because it guarantees the right 
balance between the Travel Cost and Travel Time, as well as Comfort of Travel, Timeliness, Reliability and Safety. 
5. Conclusions 
The paper presents the multiple criteria benchmarking analysis of different passengers’ urban transportation 
solutions. The authors have carried out a comprehensive, multi-dimensional evaluation of traditional forms of urban 
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transportation (trams, buses, taxi, private car) and those based on AVs (used exclusively or in a combination with 
public transportation modes). They have used a multi-criteria decision aiding method – Electre III/IV to evaluate 
and rank the designed variants – multimodal concepts of moving passenger from point A to point B. The decision 
problem has been formulated as a multi-criteria ranking problem. 
From a methodological point of view, the most important output of this paper is: the design and analysis of 
transportation solutions based on AVs, the application of MCDM/A methodology to the benchmarking analysis, 
ranking and comparison of traditional forms and non-traditional (AV-based) forms of urban transportation. The 
authors present in the paper the heuristic design and development of variants (different forms of urban 
transportation) and their evaluation by a consistent family of criteria. They model preferences of the DM and 
perform computational experiments resulting in the generation of the final ranking. They present the advantages of 
Electre III/IV method, which proves to be very useful tool in selecting the best way of moving passengers in the 
city. 
From a practical point of view, the generated results allow for arguing that variants V6 and V8 based on the use 
of AVs may belong to the best urban transportation solutions. Variant V6 is more expensive, but faster and variant 
V8 is one of the cheapest solutions with an average Travel Time. The authors claim that the implementation of AVs 
in passengers’ transportation system can be very useful and can contribute to the efficient and effective operations of 
passengers transportation in metropolitan areas.  
It is worth noticing that despite the authors’ efforts to maintain the maximum universality of the research certain 
assumptions limit its generic and representative character. This observation refers, in particular, to the definition of 
the performed passenger’s travel that corresponds to a single origin-destination pair. This OD pair is representative 
for the analyzed area of the city, but if changed might result in the alteration of the final ranking. Further research is 
required to investigate the stability of the rankings for different OD pairs. 
Due to the high potential and prospect use of AVs in urban transportation systems, the authors propose the 
following directions for further research: 
x Comparison and multiple criteria analysis of AVs and other non-conventional forms of urban transportation (e.g. 
PRTs). 
x The analysis of the behavior of AVs in a congested urban transportation network and traffic simulation of 
different solutions based on AVs. 
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